Objective: To investigate the effects of footwear on Achilles tendon tension by directly measuring Achilles tendon tension and dorsiflexion range of motion.
INTRODUCTION
Achilles tendon injuries are a common injury in sports; moreover, complete Achilles tendon rupture is a debilitating injury that is increasing in incidence with the rising popularity of recreational sports among middle-aged people. 1 Based on published incidence rates from 1987 to 1994 for a large population, 2 there are an estimated 21 000 Achilles tendon ruptures in the United States each year. An average of 75% of Achilles tendon ruptures are sports related, particularly sports requiring jumping or sudden acceleration, with the peak incidence of injury between 30 and 40 years of age. 3 Specifically, in the United States, basketball accounts for the majority of Achilles tendon ruptures, [4] [5] [6] [7] with men sustaining Achilles tendon ruptures an average of 6 times more frequently than women. 1 On average, 75% of patients with Achilles tendon rupture are recreational athletes, 8% to 20% are competitive athletes, and 10% to 12% do not take part in any sports. 1, 8 Investigating the biomechanics related to injury of this tendon has traditionally been challenging. Studies investigating in vivo loading of the Achilles tendon during sports-related activities have been performed in the past. A study investigating forces during walking reported an average Achilles tendon force of 1430 N. 9 Another study specifically looked at Achilles tendon force during jumping and reported tensions in the range of 1895 to 3786 N. 10 A larger study investigating walking, running, and jumping found maximum Achilles tendon forces as high as 12.5 times greater than body weight. 11 Although such experiments offer valuable insight to the loading of the Achilles tendon during athletic activities, these types of in vivo experiments have difficulty in recruiting subjects for surgical implantation, and localized measurements of Achilles tendon force are based on anatomic and/or physiologic assumptions.
There are 3 main types of indirect trauma that can cause an Achilles tendon to rupture: pushing off with a weight-bearing foot while extending the knee joint, sudden unexpected dorsiflexion of the ankle, or violent dorsiflexion of a plantar flexed foot. 12 Achilles tendon injuries have been attributed to a variety of intrinsic and extrinsic factors. 13 Intrinsic factors that may predispose a person to Achilles tendon injury include tendon vascularity, gastrocnemius-soleus dysfunction, body weight and height, age, sex, pes cavus deformity, and lateral ankle stability, 13, 14 with several of these factors receiving attention from researchers. 15 Although some researchers have investigated the effects of intrinsic factors on Achilles tendon injuries, little work has investigated the effect of extrinsic factors. Researchers have postulated that poor technique, footwear, and environmental factors (training on hard or slippery surfaces) are extrinsic factors that can predispose a person to Achilles tendon injury. 13, 14, 16 The focus of this study was to provide scientific evidence to determine the role that an extrinsic factor (footwear) has on the loading of the Achilles tendon. A better understanding of the effect that extrinsic factors have on Achilles tendon mechanics may help reduce injury incidence through improved injury prevention methods, such as advanced footwear design. This study investigated the effects of footwear on Achilles tendon tension by directly measuring Achilles tendon tension and dorsiflexion range of motion. It was hypothesized that Achilles tendon tension and dorsiflexion range of motion could be reduced with a high-top design when compared with a low-top design. Properly tied laces were also hypothesized to reduce these metrics when compared with untied laces.
METHODOLOGY
A custom testing apparatus was designed and constructed to load the Achilles tendon in tension during dorsiflexion ( Figure 1 ). Two main components form the testing apparatus: the base structure and a pivoting foot mount. The base structure is made of aluminum and serves to secure an inverted lower extremity in a fixed position, allowing only 1 degree of freedom at the ankle. The knee is fixed at a 90-degree angle by securing the plate attached to the femur to the base and using hose clamps to secure the proximal end of the femur and exposed tibia to the structure. A slot joint is used to connect the base structure to the aluminum pivoting foot mount. This allows the axis of rotation of the pivoting foot mount to be aligned with a line approximately passing through the lateral malleolus to the medial malleolus, which is valid for modeling pure plantar and dorsiflexion. 17 The foot mount was instrumented with an angular rate sensor (IES 3103, 4800 degree/s; Braunschweig, Germany) to measure range of motion. A previous study has shown that this testing apparatus is highly repeatable with coefficients of variation for Achilles tendon tension and dorisflexion angle at 0.6% and 2.1%, respectively. 18 A total of 48 tests were performed to investigate the effects of shoe type and shoelaces on Achilles tendon loading and dorsiflexion range of motion. Shoe type varied between high-top (basketball) and low-top (running) shoes. Shoelaces varied between tied and untied. For the tied configuration, laces were tied tightly so that the shoe was not loose on the foot.
For the untied configuration, laces were loosened, and the tongue of the shoe was slightly pulled away from the foot to ensure that the shoe was fit loosely on the foot. This resulted in 4 possible configurations for testing: high tops with tied laces, high tops with untied laces, low tops with tied laces, and low tops with untied laces. The order of these configurations varied for each lower extremity to mitigate any potential sequential effects of testing the lower extremities. Each configuration for each lower extremity was tested 3 times. Shoes were attached to the pivoting foot mount with VELCRO (Velcro Industries, Manchester, New Hampshire) to restrict ankle motion to plantar and dorsiflexion.
Two different athletic shoes were used throughout testing, a basketball shoe and a running shoe. These 2 types of shoes were chosen due to the large differences in shoe heights. Basketball shoes are considered high-top shoes because the shoe covers the ankle. The basketball shoe used in testing was the Air Jordan XV SE (Nike, Beaverton, Oregon). Running shoes are considered low-top shoes because the shoe's top is below the ankle. The running shoe used in testing was the Nike Dart IV (Nike). These specific shoes were chosen because they were the only shoes readily available in both US 7 and US 9.5 sizes, which correspond to the specific foot sizes of the lower extremities tested. Figure 2 displays both the Air Jordan XV SE and the Nike Dart IV.
The left and right lower extremities from 2 fresh frozen human cadavers were harvested from the bodies. Table 1 displays donor information for each of the lower extremities. The lower extremities were amputated from the body at midshaft of the femur. Once the lower extremity was thawed, the surrounding soft tissue around the proximal end of the femur was removed to expose the bone. At midshaft of the tibia, 2 incisions were made on both sides of the bone, and the soft tissue was separated from the perimeter of the bone. These areas of bone on the femur and tibia were exposed so that the lower extremity could be secured in the testing apparatus. A wooden plate was attached to the distal end of the femur to allow the lower extremity to be coupled to the testing apparatus. At this point, the Achilles tendon was exposed with care. The surrounding tissue was separated from the tendon along its perimeter. Once the Achilles tendon was initially exposed, it was kept moist by wrapping saline-soaked gauze around the tendon when it was not being tested. Immediately before testing, the Achilles tendon was instrumented with a custom load cell (6730 LC-79; Denton, Rochester, Michigan) designed to measure tension ( Figure 3 ) in the chin straps of football helmets. 19 The load cell casing was altered to fit around the Achilles tendon. Because the thickness of the Achilles tendon varied between each lower extremity, this load cell needed to be calibrated for each tendon. The load cell was calibrated to each tendon using a method described by Rowson et al. 18 The load cell's interaction with the tendon did not noticeably affect the ankle's range of motion. The position of the load cell was marked on each tendon with a marker to ensure that the load cell could be positioned consistently in the event that the load cell moved relative to the tendon during or after a test. Each foot was dressed with a standard athletic sock before equipping the shoe to the foot.
The Achilles tendon was inertially loaded in tension for each test using the custom testing apparatus. Before testing, the ankles were preconditioned through cyclic plantar and dorsiflexion motions to minimize any sequential effects between tests. With the foot at rest and perpendicular to the lower extremity, a quick release was used to allow the pivoting foot mount to fall to maximum dorsiflexion for each test. Based on preliminary testing, a 44.48 N weight was added to the foot mount so that Achilles tendon loads for this series were approximately 15% of failure loads. 20 This value was chosen to ensure that the Achilles tendon would have consistent properties for all tests. It was thought that loads approaching potentially injurious values may weaken the tendon tissue. If the integrity of the tissue was compromised, the repeatability of this methodology for each lower extremity would be unacceptable. All tests were recorded using a high-speed video camera (Phantom V9, Wayne, New Jersey) at 1000 frames per second, and all data were recorded at 10 kHz.
Force data were filtered to channel frequency class 600, and range of motion data were filtered to channel frequency class 180, as specified by SAE J211. Range of motion data were obtained by integrating the angular velocity data from the angular rate data, in which 0 degree is defined as the foot perpendicular to the lower extremity. The interactions between different lacings and shoe types were evaluated using matched paired t tests. Although 6 interaction comparisons are possible, only the 4 basic interaction effects were viewed as pre-planned comparisons of interest (Table 2) . Percent reductions were calculated for force and angle by dividing configuration 2 values by their matched pair in configuration 1. In evaluating results, a P value of 0.05 was used as an indicator of significance.
RESULTS
High-top shoes significantly reduced peak Achilles tendon tension by an average of 9.9% when compared with low-top shoes. In addition, tied laces significantly reduced peak tension for low-top (3.7%) and high-top (12.8%) shoes when compared with untied laces. There was no difference in peak Achilles tendon tension when comparing the untied configurations of high-top with low-top shoes. Table 3 displays the percent reductions for peak Achilles tendon tension for each comparison. Percent reductions should be interpreted as the percentage that configuration 2 reduced peak values relative to configuration 1. A negative percent reduction 3 . A window to the Achilles tendon was created for instrumentation, allowing the surrounding musculature and skin to remain largely intact. An Achilles tendon instrumented with the customized load cell is shown in the photograph. would indicate that configuration 2 increased peak values relative to configuration 1. Table 4 displays the percent reductions for peak dorsiflexion angle for each comparison. With tied laces, high-top shoes significantly reduced peak dorsiflexion angle by an average of 7.2% when compared with low-top shoes. In addition, tied laces with high-top shoes significantly reduced peak dorsiflexion angle by an average of 4.7% when compared with untied laces on the same shoe. There were no differences in peak dorsiflexion angle when comparing the untied configurations of high-top shoes with low-top shoes and low-top configurations of tied with untied laces. Table 5 displays average values for peak Achilles tendon tension and peak dorsiflexion angle for each testing configuration. Figure 4 displays a scatter plot of the average percent reductions for all comparisons with accompanying 95% confidence intervals. Furthermore, a linear regression analysis was performed on these average percent reductions and produced a weak positive (R 2 = 0.391) correlation between percent reduction of peak dorsiflexion angle and percent reduction of peak Achilles tendon tension.
DISCUSSION
High-top shoes with tied laces reduced peak Achilles tendon tension by 9.9% and peak dorsiflexion angle by 7.2% when compared with low-top shoes with tied laces. These reductions can likely be attributed to the elasticity of the shoe resisting deformation of shoe shape, which can reduce the loads transferred to the lower extremity. Figure 5 displays a simplified free body diagram of the forces exerted on the low-top and high-top shoes by the lower extremity during dorsiflexion, where M INPUT represents the moment about the axis of rotation of the ankle due to the testing apparatus forcing dorisflexion. The force that the lower extremity puts on the high-top shoe (F H ) is at a greater distance from the axis of rotation than that of the low-top shoe (F L ), resulting in a greater moment resisting dorsiflexion for the high-top shoe (M H ) than for the low-top shoe (M L ). These reaction moments resist shoe shape deformation of the shoe by putting components of the shoe under tension. The force input into the shoe-lower extremity system must either be transferred into the lower extremity (Achilles tendon tension, structural support by bones) or into the shoe. With more force being transferred into the high-top shoe, less force will be transferred to the Achilles tendon when compared with the low-top shoe-lower extremity system. The shoe-lower extremity interaction described also likely accounts for the reduction in peak dorsiflexion angle, which is empirically indicated by the regression line in Figure 4 , which had a weak positive correlation. The low correlation constant may be a by-product of the small sample size. However, it seems intuitive that as range of motion is limited, Achilles tendon tension would be reduced under these specific testing conditions, which consist of passive loading (no effect of musculature) in a cadaver lower extremity. Tied laces were defined as to where the shoe could not move relative to the foot. There was no reduction in Achilles tendon tension or peak dorsiflexion angle with the high-top shoe with untied laces compared with the low-top shoe with the untied laces. This is a result of the shoe not being properly coupled to the foot, which did not allow force transfer from the lower extremity to the shoe. For these same reasons, high-top shoes with tied laces significantly reduced Achilles tendon tension and peak dorsiflexion angle when compared with untied high-top shoes. Comparing the tied and untied lace configurations of the low-top shoe resulted in tied laces slightly reducing Achilles tendon tension. This smaller reduction is likely a result of the lower reductions associated with the low-top shoe, when using the high-top shoe reductions as reference values.
It is worth noting that the mean dorsiflexion range of motion for all lower extremities was 60 6 11 degrees. This is an extreme angle considering that some people report discomfort at 20-degree dorsiflexion. 21 This discrepancy is a result of the testing methodology, in which the anatomical structures of the lower extremity, ankle, and foot were used to absorb the inertial energy generated during the test to stop dorsiflexion. While extreme angles were generated, no injuries were present in the post-test dissection. Moreover, elastic energy was stored in the anatomical structures, which was noticeable when plantar flexion would begin after dorsiflexion ended. For such extreme angles, Achilles tendon tensions were relatively low, with an average value of 747 6 230 N for all lower extremities. To put this in perspective, walking has been shown to produce an average tension of 1430 6 500 N and jumping has been shown to produce tensions in the range of 1895 to 3786 N. 9,10 For this study, peak Achilles tendon tensions were desired to be on the order to 15% of failure tension (4617-5579 N) 20 and peak dorsiflexion angles of this magnitude were required to produce this tension range. This level of tension was chosen to ensure that the Achilles tendon would have consistent properties for all tests. If the integrity of the tissue was compromised, multiple tests per lower extremity would not have been possible. The low tensions associated with this degree of dorsiflexion are partially a result of the knee angle tested. Several studies have shown that the angle of the knee affects Achilles tendon forces. 21, 22 As the knee angle decreases, it is expected that tension in the tendon would increase while dorsiflexion would decrease. Although a knee angle of 90 degrees was used in this series of testing, it would be possible to alter this angle in any future testing.
In addition, using a cadaveric lower extremity does not account for the effect that the musculature of the lower extremity has on the Achilles tendon. 22 This is likely another reason for the low Achilles tendon tensions with such extreme dorsiflexion angles. There are advantages and disadvantages to using cadaver and in vivo models. Although some of the disadvantages of in vivo models were discussed in the introduction of this article, some disadvantages of cadaver models include no physiologic response to mechanical stimulus, no effects of musculature, and no biofeedback. However, use of cadavers allows mechanical input of great severity to be tested, which is an advantage over in vivo models. In addition, cadavers are not representative of an average man in age or size. This is a common limitation of using human cadavers; however, the effect of the differences between the human cadavers used and variations from an average man should be minimal due to the comparative analysis performed.
Although this study presents novel techniques and results for evaluating the effect of footwear on Achilles tendon loading, there are limitations associated with the experiment. However, the influence of these limitations should be minimal, seeing that this was a comparative study that primarily focused on relative change in metrics. Although this study did not approach injurious force levels, this methodology can be used to further analyze these metrics at greater severities. Based on the results, this study does offer valuable insight that footwear can affect Achilles tendon loading during dorsiflexion. 
